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The ability to regenerate a heart after ablation of cardiogenic mesoderm has been demonstrated in early stage fish and
amphibian embryos but this type of regulation of the heart field has not been seen in avians or mammals. The regulative
potential of the cardiogenic mesoderm was examined in avian embryos and related to the spatial expression of genes
implicated in early cardiogenesis. With the identification of early cardiac regulators such as bmp-2 and nkx-2.5, it is now
ossible to reconcile classical embryological studies with molecular mechanisms of cardiac lineage determination in vivo.
he most anterior lateral embryonic cells were identified as the region that becomes the heart and removal of all or any
ubset of these cells resulted in the loss of corresponding cardiac structures. In addition, removal of the lateral heart forming
esoderm while leaving the lateral endoderm intact also results in loss of cardiac structures. Thus the medial anterior
esoderm cannot be recruited into the heart lineage in vivo even in the presence of potentially cardiac inducing endoderm.
n situ analysis demonstrated that genes involved in early events of cardiogenesis such as bone morphogenetic protein 2
bmp-2) and nkx-2.5 are expressed coincidentally with the mapped far lateral heart forming region. The activin type IIa
receptor (actR-IIa) is a potential mediator of BMP signaling since it is expressed throughout the anterior mesoderm with the
highest level of expression occurring in the lateral prospective heart cells. The posterior boundary of actR-IIa is consistent
with the posterior boundary of nkx-2.5 expression, supporting a model whereby ActR-IIa is involved in restricting the heart
orming region to an anterior subset of lateral cells exposed to BMP-2. Analysis of the cardiogenic potential of the lateral
late mesoderm posterior to nkx-2.5 and actR-IIa expression demonstrated that these cells are not cardiogenic in vitro and
hat removal of these cells from the embryo does not result in loss of heart tissue in vivo. Thus, the region of the avian
mbryo that will become the heart is defined medially, laterally, and posteriorly by nkx-2.5 gene expression. Removal of all
r part of the nkx-2.5 expressing region results in the loss of corresponding heart structures, demonstrating the inability of
he chick embryo to regenerate cardiac tissue in vivo at stages after nkx-2.5 expression is initiated. © 1999 Academic PressINTRODUCTION
The vertebrate heart is the first mesodermally derived
organ to develop in the embryo. In avians, cardiac myocyte
specification occurs during or soon after cells from the
epiblast migrate through the primitive streak to the ante-
rior lateral plate region of the embryo (Garcia-Martinez and
Schoenwolf, 1993; Gonzalez-Sanchez and Bader, 1990;
Montgomery et al., 1994; Yatskievych et al., 1997). These
myocardial precursors become committed to the cardiac
lineage potentially in response to an inductive signal from
the anterior endoderm directly apposed to the cardiogenic0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.esoderm (Jacobson and Sater, 1988; Sugi and Lough, 1994;
annon and Bader, 1995; Schultheiss et al., 1995). Visibly
pparent bilaterally placed heart primordia are then brought
o the midline with the folding of the embryo to fuse and
orm a single ventrally placed heart tube which undergoes
ooping and septation to form the definitive four-chambered
eart (DeHaan, 1965). With the recent discovery of early
ardiac regulatory factors such as nkx-2.5 and bmp-2, it is
ow necessary to reconcile the expression patterns of these
enes with classical embryological studies to accurately
valuate how the fates and plasticity of cardiac progenitors
re determined during development (Schultheiss et al.,
995, 1997; Andree et al., 1998).Key Words: nkx-2.5; bmp-2; actR-IIa; heart development; induction; chick embryo.
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Numerous fate-mapping studies employing various tech-1
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164 Ehrman and Yutzeycells in the anterior lateral plate mesoderm in the develop-
ing avian embryo (Rawles, 1943; DeHaan, 1963; Rosenquist
and DeHaan, 1966; Stalsberg and DeHaan, 1969). Evalua-
tion of the potential of the anterior cells in the primitive
streak stage embryo to form beating heart tissue at nonho-
mologous sites in a host embryo led to the description of a
population of cells in the anterior which have cardiogenic
potential (Rawles, 1943). A variety of cell tracking tech-
niques were utilized to determine the location of the cells
within this region which actually contribute to the devel-
oping heart (DeHaan, 1963; Rosenquist and DeHaan, 1966;
Stalsberg and DeHaan, 1969; Orts-Lorca and Collado, 1969).
Collectively these studies placed the prospective heart cells
as the lateral anterior cells in the primitive streak stage
embryo. Despite these numerous early fate-mapping stud-
ies, the specific locations of the medial, lateral, and poste-
rior boundaries of the heart forming region were not con-
sistently described (Rosenquist and DeHaan, 1966;
Stalsberg and DeHaan, 1969). Evaluation of the plasticity of
the heart field in zebrafish and axolotl embryos has dem-
onstrated that heart development is regulative because
these embryos can recover from the extirpation of the early
heart progenitors to form normal heart structures (Copen-
haver, 1926; Sater and Jacobson, 1990; Serbedzija et al.,
1998). Analysis of the spatially restricted expression pat-
terns of early cardiac regulatory genes with regard to the
location of the heart cells may elucidate molecular mecha-
nisms underlying the developmental capacity of the heart
and define the regulatory events critical for determining
cardiac cell fate.
Early regulators of cardiogenesis include nkx2.5 and
mp-2, which are among the first markers of the definitive
eart primordia in the avian embryo (Schultheiss et al.,
995, 1997; Andree et al., 1998). The relationship between
he expression patterns of bmp-2 and nkx-2.5 and the heart
orming region has not been clearly defined prior to the
ormation of the condensed heart primordia. Previous re-
orts have suggested that bmp-2 and nkx-2.5 are expressed
lateral to the heart forming region early in development
(Schultheiss et al., 1995, 1997; Andree et al., 1998). In
rosophila embryos, the nkx-2.5 homologue, tinman, has
een shown to be required for cardioblast development and
s regulated by the bmp homologue, decapentaplegic (dpp)
Bodmer, 1993; Frasch, 1995). A similar interaction between
kx-2.5 and bmp-2 has been shown to exist in the chick
Schultheiss et al., 1997; Andree et al., 1998). Localized
delivery of BMP protein to anterior medial tissue results in
expression of nkx-2.5 and other cardiogenic markers, but
posterior mesoderm does not activate cardiogenic markers
with addition of BMP protein. The posterior boundary of
bmp-2 expression extends beyond the expression domain of
nkx-2.5 but the molecular regulators of cardiogenic poten-
tial which restrict BMP activation of nkx-2.5 to the anterior
and the receptors that mediate these interactions have not
been identified. In addition, the nkx-2.5 expression domain
does not extend posteriorly to encompass all of the heart
forming cells as defined by traditional fate-mapping analy-
Copyright © 1999 by Academic Press. All rightis (Rosenquist and DeHaan, 1966; Schultheiss and Lassar,
997). Thus recent progress has been made to identify
olecular interactions involved in early cardiogenesis but
he relationship to cells that actually become the heart has
ot been completely defined.
In the present study, the location and developmental
lasticity of the precardiac cells were defined on both the
mbryological and the molecular levels. Fate-mapping and
xplantation experiments were used to define the precar-
iac cells as the most lateral cells of the anterior lateral
late mesoderm. The medial–lateral restriction of the heart
orming region coincides with the early expression of the
ardiac regulatory molecules, nkx-2.5 and bmp-2, and exci-
ion of the far lateral heart forming region at the primitive
treak stage results in loss of corresponding cardiac struc-
ures. No effect on heart formation was observed with
xcision of the anterior medial region overlying the pro-
pective neural plate. Therefore, the medial anterior cells
hich have cardiogenic potential cannot be recruited to
egenerate the heart forming region after removal of the
nterior lateral cells. Addition of BMPs activates nkx-2.5
xpression in anterior medial but not posterior mesoderm
Schultheiss et al., 1997; Andree et al., 1998). The receptors
ediating this interaction have not been identified but the
xpression of actR-IIa in the anterior lateral and medial
esoderm but not posterior lateral mesoderm is consistent
ith a role in this pathway. Although the lateral mesoderm
osterior to actR-IIa and nkx-2.5 expression has been pre-
iously fate mapped to the heart, these cells do not have
ardiac potential in vitro and are not incorporated into the
eart in vivo. Reconciliation of the molecular data with
lassical embryological studies indicates that the genes
mplicated in early cardiogenesis define the heart forming
egion in primitive streak stage embryos. In addition avian
mbryos cannot recruit surrounding cells to compensate for
he loss of these cardiac progenitors.
MATERIALS AND METHODS
Embryos and Cultures
Fertilized White Leghorn chicken eggs (Spafas Inc., Roanoke, IL)
were incubated at 38°C under high humidity. The embryos were
staged as described by Hamburger and Hamilton (1951). Embryos to
be cultured by a modified New method (New, 1955) were removed
from the egg on paper rings, rinsed in sterile PBS, and placed ventral
side up in 35-mm dishes containing thin egg albumin. An equal
amount of DMEM (Gibco) supplemented with penicillin (100
U/mL) and streptomycin (100 mg/mL) was then added to the thin
gg albumin and the embryos were incubated at 37°C in 5% CO2
with high humidity.
Fate-mapping of the cardiogenic region was performed by placing
1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlor-
ate (diI) crystals (Molecular Probes) on the ventral surface of
embryos at stage 4–5 using pulled glass capillary tubes. Embryos
were cultured in thin egg albumin and photographs were takeneafter the initial placement of the diI crystals (stage 5), at 4 h (stage
6–7) and 8 h (stage 8) during the culture period and after the
s of reproduction in any form reserved.
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165Lack of Regulation in Avian Cardiogenesisovernight incubation (stage 10). DMEM medium was added prior to
the overnight incubation after the photographs at stage 8.
The effects of removing medial vs lateral mesoendoderm were
determined by dissecting either the anterior lateral or the anterior
medial mesoendoderm from stage 4–5 embryos with pulled glass
capillary tubes (Gannon and Bader, 1995). The border of medial vs
lateral was defined by the edge of the condensed mesenchyme
overlying the prospective neural plate (Spratt, 1952). Mesoen-
doderm was removed unilaterally and alternately from the left or
the right side and an initial photograph of each operated embryo
was taken. Alternatively, only the mesodermal cell layer from the
anterior lateral heart forming region was removed by making an
incision along the lateral border of the heart forming region with a
pulled glass capillary tube. The endoderm was retracted and the
mesodermal cells were scraped out. Operated embryos were cul-
tured as described above and incubated overnight. In some cases,
the anterior intestinal portal (AIP) was clipped when the embryos
reached stage 8 to generate cardia bifida. The explanted mesoen-
doderm was placed in 8-well Permanox chamber slides coated with
0.01% collagen and cultured in DMEM with no added serum or
growth factors. After 24 h, cultured embryos were fixed for in situ
hybridization and cultured explants were evaluated for viability
and the ability to beat.
The posterior border of the heart forming field was defined in
stage 4–5 and stage 7–8 embryos by dissecting the lateral plate
mesoendoderm either at the level immediately anterior or posterior
to Hensen’s node for stage 4–5 embryos or by dissecting the lateral
plate mesoendoderm at the level immediately anterior or posterior
to the first somite for stage 7–8 embryos. The effects of removing
only a subset of cells from the anterior lateral heart forming region
were determined by dissecting the middle portion of the heart
forming region from stage 5 embryos, leaving cardiac progenitors
anterior and posterior to the explant. In all cases the mesoen-
doderm was removed unilaterally and alternately from the left or
the right side and an initial photograph of each operated embryo
was taken. The explanted mesoendoderm was cultured in DMEM
with no supplements for 48 h. Operated embryos were fixed for in
situ hybridization immediately or fixed after culturing overnight.
The position of the explant was determined relative to nkx-2.5
expression for embryos fixed at the time of dissection or relative to
ventricular myosin heavy chain 1 (vmhc1) expression for embryos
cultured to stages 10–12. Cultured explants were evaluated for the
ability to beat and fixed as below for immunochemical analysis.
In Situ Hybridization and Sectioning
Embryos were removed from the eggs at stage 4–10 on paper
rings, rinsed in sterile PBS, dissected away from extraembryonic
membranes, and fixed in 4% paraformaldehyde in PBS at 4°C
overnight. Fixed embryos were dehydrated through a graded metha-
nol series in PTW (PBS, 0.01% Tween 20) and stored in 100%
methanol at 220°C. Digoxigenin UTP-labeled antisense RNA
robes were generated for vmhc1 (Bisaha and Bader, 1991; Yutzey et
l., 1994), nkx-2.5 (Schultheiss et al., 1995), actR-IIa (Stern et al.,
1995) and bmp-2 (Francis et al., 1994). In situ hybridizations were
performed essentially as described by Wilkinson (1993) with the
following modifications. The embryos were treated with 10 mg/mL
f proteinase K (Gibco) for 5–10 min at room temperature. Hybrid-
zation was conducted with a probe concentration of 1 mg/mL at
0°C overnight. For hybridization detection, embryos were incu-
ated in a 1:2000 dilution of sheep anti-digoxigenin polyclonal Fab
ragments conjugated to alkaline phosphatase in TBST 1 1% heat
Copyright © 1999 by Academic Press. All rightnactivated sheep serum overnight at 4°C. Following antibody
ncubation, the embryos were washed in TBST overnight. Antibody
etection was conducted using the DIG nucleic acid detection
ystem (Boehringer Mannheim) and the histochemical color reac-
ion was developed for approximately 2–7 h. Embryos were then
xed in 4% paraformaldehyde for approximately 2 h and stored in
BS. Embryos to be sectioned were infiltrated in 5% sucrose/PBS at
°C for approximately 2 h until the embryo sank and were then
ransferred to 20% sucrose/PBS at 4°C overnight. Embryos were
mbedded in 7.5% gelatin in 15% sucrose/PBS and mounted in
CT prior to sectioning (Stern, 1993). Twenty-micrometer cryostat
ections were placed on uncoated slides and coverslips were
ounted with aquamount.
Immunochemical Analysis
Explants were fixed in 2% paraformaldehyde for 15 min and
transferred to 70% ethanol overnight. For immunochemical anal-
ysis, explants were rinsed two times in PTW (PBS 1 0.1% Tween
20) and blocked in 1% BSA in PBS for 30 min prior to a 2-h
incubation with the MF-20 primary antibody directed against
sarcomeric myosin heavy chains (Bader et al., 1982). After primary
antibody incubation, the explants were rinsed in PTW overnight,
reblocked in 1% BSA in PBS for 30 min, and incubated in Texas red
goat anti-mouse IgG secondary antibody (The Jackson Laboratories)
for 2 h followed by washes in PTW.
RESULTS
Definition of Heart Forming Region by Fate-
Mapping
To identify the location of the prospective heart cells
along the medial–lateral axis of the anterior embryo, diI
crystals were placed on the ventral surface of stage 5
chicken embryos. The embryos were then cultured for 24 h
and photographed at intervals during the culture period to
monitor the movement of the diI crystals. The placement of
the diI crystals on the ventral surface of the chicken embryo
marks the movement of the definitive endoderm which is
directly apposed to the cardiogenic mesoderm. Previous
studies have determined that the endoderm and mesoderm
cell layers move together medially and do not shift relative
to each other until stage 8 in the developing chicken
embryo (Bellairs, 1953; DeHaan, 1963). After stage 8, the
endoderm and mesoderm separate with the formation of the
mesodermally derived primitive heart tube which lies ven-
tral to the endodermally derived foregut. Therefore, the
placement of the diI crystals on the ventral surface of the
chicken embryo at stages 4–7 directly monitors the move-
ment of the endoderm and indirectly monitors the move-
ment of the underlying mesoderm.
When the diI crystals were placed on the far anterior
lateral region of stage 5 chicken embryos, beyond the
condensed mesenchyme overlying the prospective neural
plate, these crystals were colocalized with developing heart
structures (Figs. 1A–1D). In one experiment, three diI crys-i
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mtals were placed on the far anterior lateral region of a stage
5 chicken embryo (Fig. 1A). The two more medially placed
s of reproduction in any form reserved.
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167Lack of Regulation in Avian CardiogenesisdiI crystals of the three became coincident with the heart
primordia at stage 7 (Fig. 1C) and underlie the fused heart
tube at stage 10 (Fig. 1D). The most lateral diI crystal of the
three was present in the extraembryonic membranes at
stage 10 (Fig. 1D). Thus, the prospective heart forming
region is directly adjacent to the extraembryonic region of
the embryo at stage 5. The location of the prospective heart
cells as the most lateral cells in the anterior region of the
embryo was consistently reproduced in a total of 14 em-
bryos. When diI crystals were placed on the anterior medial
mesoderm overlying the prospective neural plate at stage 5
(Fig. 1E), these crystals became localized medial to the
condensed heart primordia at stage 8 (Fig. 1G) and were
found within the developing head folds at stage 10 (Fig. 1H).
These studies indicate that the precardiac cells are the most
lateral cells of the anterior lateral plate in the stage 5
chicken embryo bound medially by the condensed mesen-
chyme overlying the prospective neural plate and laterally
by the extraembryonic tissue.
Explantation of Cardiac Progenitors
The cardiogenic regulative ability of the cells along the
medial–lateral axis of the anterior embryo was analyzed to
determine if anterior medial cells reported to have cardio-
genic potential could be recruited into the heart after
extirpation of anterior lateral cardiac progenitors. In explan-
tation experiments, the mesoendoderm was unilaterally
removed from the left or right side from either the anterior
medial region or the anterior lateral region of the chicken at
stage 5 (Figs. 2A and 2E). The dissected embryos and the
corresponding explanted tissue were placed separately in
culture with minimal medium containing no added serum
or growth factors. In the absence of supplements, cellular
fates can be assessed without potential inducing factors
present in serum. In some cases, the anterior intestinal
FIG. 1. DiI fate map of the prospective heart cells during early ch
A–D) or anterior medial (E–H) ventral surface of stage 5 chick emb
4 h (D, H) after culture to monitor the movement of these cells d
ateral surface, the two medial crystals (yellow and red arrows) in
oincident with the heart structures later in development (B–D
xtraembryonic membranes later in development (D). Of the crysta
nd red arrows) in E overlying the condensed prospective neural pl
G) and were found within the developing head folds after 24 h (H
etween the lateral and the condensed medial cells of the anterior p
IG. 2. Lack of regulation after removal of the lateral prospective
the explanted tissue (gray boxes) in relation to the prospective neur
either overlying (A; white dotted box, B) or lateral (E; white dotted b
5 embryos. Embryos were incubated for 24 h, and whole-mount
assessed for cardiac differentiation evident by rhythmic contractio
the anterior medial mesoendoderm overlying the prospective neu
formation of the heart (black arrow, C), and the explanted tissue
However, removal of the anterior lateral mesoendoderm lateral to
resulted in the loss of the heart on the operated side of the embryo (blac
tube in culture (H).
Copyright © 1999 by Academic Press. All rightortal (AIP) was clipped when the embryos reached stage 8
o prevent the fusion of the bilateral heart tubes during
ubsequent development. This operation results in the
ormation of a bifid heart which facilitates evaluation of
ardiac structures. For another group of embryos, the AIP
as not clipped and the hearts for this group were evaluated
y surveying whether the heart tube appeared as a whole
eart tube or a half a heart tube in the midline of the
mbryo. After 24 h, the cultured explants were assessed for
ardiogenic differentiation evident in rhythmic contrac-
ions and the whole embryo was analyzed for heart struc-
ures. In situ hybridization with vmhc1 as the probe was
used to verify the presence of a heart tube and identify
differentiated cardiac myocytes in operated embryos
(Bisaha and Bader, 1991; Yutzey et al., 1994).
The removal of the anterior mesoendoderm lateral to the
prospective neural plate from a stage 5 chicken embryo
resulted in the loss of all cardiac structures on the dissected
side (Figs. 2F and 2G). The complete absence of heart tissue
on the operated side of the embryo after the removal of the
anterior lateral mesoendoderm was consistently reproduced
in 27 of 33 embryos (82%) (Table 1A). In the remaining
cases, the incomplete absence of a heart tube on the
dissected side of the embryo was the result of the partial
removal of the cardiogenic region. For all embryos, the lost
cardiac tissue corresponded to the tissue removed and
regeneration of cardiac structures was not observed. Greater
than 90% of the explants removed from these embryos
differentiated into an apparent heart tube in culture (Fig.
2H; Table 1B) and 70% of these differentiated explants were
beating. In contrast, the removal of the condensed anterior
medial mesoendoderm overlying the prospective neural
plate at stage 5 did not obviously affect the development of
the heart (Figs. 2B and 2C). Bilaterally placed differentiated
beating heart tubes were consistently present in all of the
embryos (n 5 25) from which the anterior medial mesoen-
eart development. DiI crystals were placed on the anterior lateral
and photographs were taken at 0 h (A, E), 4 h (B, F), 8 h (C, G), and
the course of development. Of the crystals placed on the anterior
erlying the most lateral cells in the anterior lateral plate became
ote that the most lateral crystal (blue arrow) in A was in the
ced on the anterior medial surface, the two medial crystals (yellow
ecame localized medial to the condensed heart primordia after 8 h
ote that the most lateral crystal of the three overlying the border
colocalized with the developing heart structures (blue arrow, E–H).
t cells. The schematic diagrams in (A) and (E) show the location of
ate (outlined with dotted black lines). The anterior mesoendoderm
) to the condensed prospective neural plate was removed from stage
tu hybridization was performed for vmhc1 (C, G). Explants were
ter 48 h in a minimal medium culture system (D, H). Removal of
late from the stage 5 chicken embryo (A, B) had no effect on the
not form a beating heart tube in a minimal culture system (D).
prospective neural plate from the stage 5 chicken embryo (E, F)k arrow, G), and the lateral explant developed into a beating heart
s of reproduction in any form reserved.
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168 Ehrman and Yutzeydoderm was removed (Table 1A). The corresponding ante-
rior medial explants removed from stage 5 embryos did not
undergo cardiomyogenic differentiation when cultured in
minimal medium without added serum or growth factors
(Fig. 2D; Table 1B). No evidence of cardiomyogenic differ-
entiation was observed for 97% of all of the anterior medial
cardiac explants and cells from the cultured anterior medial
explants consistently appeared loosely adherent and disso-
ciated after 24 h in culture. These observations are consis-
tent with the diI fate mapping of the medial–lateral borders
of the heart forming region. Thus, the removal of anterior
lateral cardiac progenitors results in loss of differentiated
cardiac structures on the dissected side of the embryo,
demonstrating that cells from the medial region cannot be
recruited to compensate for the loss of heart forming tissue
at these early stages. In similar experiments, removal of the
TABLE 1
Heart Development in Vivo and in Vitro after Removal of Medial
s Lateral Mesoendoderm from the Chick Embryo at Stage 5
A. Morphology of the heart in the operated embryo
Experimental
group
Mesoendoderm
removed
Morphology of the
heart
Unilateral Bilateral
AIP clipped Anterior medial (15) 0 15
AIP not clipped Anterior medial (14) 0 14
0 29
(0%) (100%)
AIP clipped Anterior lateral (19) 15 4
AIP not clipped Anterior lateral (14) 12 2
27 6
(82%) (18%)
B. Morphology of the explant
Mesoendoderm removed
Morphology of the explant
Not beating Beating
nterior medial (29) 28 1
nterior lateral (33) 7a 26
a 6/7 formed a heart tube, but did not beat.middle portion of the heart forming region led to the
absence of the corresponding middle portion of the heart
tube on the dissected side (Figs. 3A and 3B). These results
indicate that the prospective cardiac progenitors immedi-
ately anterior and posterior to the explanted region cannot
be recruited to repair the ablated heart forming region.
The previous experiments demonstrate that embryos
cannot recover from loss of mesoderm and endoderm from
the cardiogenic region and regenerate cardiac structures.
However, signals from the anterior lateral endoderm may
be required to induce surrounding tissue and initiate car-
diac differentiation. The ability of anterior medial meso-
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Copyright © 1999 by Academic Press. All righterm to be recruited in the presence of anterior lateral
ndoderm was examined in embryos from which only the
nterior lateral mesoderm was removed. For these experi-
FIG. 3. Cardiogenic mesoderm cannot be regenerated from within
the heart forming region or from anterior medial mesoderm in
contact with anterior endoderm. (A, B) Mesoendoderm from the
middle portion of the heart forming region was removed from a
stage 5 embryo (A). The embryo was cultured for 24 h, and
whole-mount in situ hybridization was performed for vmhc1 (B).artial removal of the mesoendoderm from the heart forming
egion in the stage 5 embryo (red box, A) results in the correspond-
ng loss of the middle portion of the heart tube on the dissected side
red arrow, B), indicating cardiac progenitors anterior and posterior
o the explant cannot repair the ablated heart forming region. (C, D)
nterior lateral endoderm was retracted (red arrows, C) and the
nderlying mesoderm was removed from a stage 5 embryo. The
perated embryo was cultured for 24 h, and whole-mount in situ
hybridization was performed for vmhc1 (D). Removal of only the
mesodermal cell layer from stage 5 embryos (C) results in the loss
of heart structures on the operated side (red arrow, D), indicating
that even in the presence of potentially inducing lateral endoderm
the anterior medial cells cannot be recruited to repair the ablated
cardiac progenitors.
s of reproduction in any form reserved.
ments, the endoderm in the anterior lateral region of the
stage 5 embryo was retracted and the underlying prospec-
tive heart forming mesodermal cells were removed (Fig.
3C). After dissection the endoderm was in contact with the
medial mesoderm due to the elasticity of the cut endoder-
mal cell layer. Operated embryos were cultured overnight
and then subjected to in situ hybridization with vmhc1
antisense probes to assess the effect of mesoderm removal
on heart formation. Similar to the explantation of both
mesoderm and endoderm, removal of only the mesodermal
cell layer also resulted in the loss of the heart tube on the
dissected side of the embryo (Fig. 3D). Therefore, even in
the presence of the potentially inducing endoderm the
medial mesoderm could not be recruited to the cardiac
lineage to replace the ablated cardiogenic mesoderm.
The potential of cells along the anterior–posterior axis to
become heart was analyzed to determine the posterior
boundaries of the heart forming region relative to obvious
embryonic structures at stages 4–5 (Figs. 4A–4I) and stages
7–8 (Figs. 4J–4R). To establish the posterior boundary of the
heart forming region in the stage 4–5 embryos, the lateral
mesoendoderm was unilaterally removed at the level of
Hensen’s node or at the level immediately below Hensen’s
node (Fig. 4A). In the stage 7–8 embryos, the lateral me-
soendoderm was unilaterally removed immediately ante-
rior to the first somite or parallel to the condensing somites
(Fig. 4J). Operated embryos were either fixed immediately
to determine the position of the explant relative to the
nkx-2.5 expression domain or cultured overnight to assess
the effects of explantation on heart formation. Removal of
mesoendoderm which encompasses the posterior domain of
nkx-2.5 expression in both the stage 4–5 (Figs. 4B and 4C)
and stage 7–8 embryos (Figs. 4K and 4L) resulted in a
truncated heart tube on the dissected side of both embryos
(Figs. 4D and 4M). The corresponding explanted tissue from
each embryo differentiated in culture as evident by both
rhythmic contractions and MF-20 positive cells (Figs. 4E
and 4N). In contrast, the removal of the mesoendoderm
directly posterior to the domain of nkx-2.5 expression in the
stage 4–5 (Figs. 4F and 4G) and stage 7–8 embryos (Figs. 4O
and 4P) had no obvious effect on heart development (Figs.
4H and 4Q). The corresponding explanted tissue from each
embryo did not differentiate evident in the lack of MF-20
positive cells (Figs. 4I and 4R). None of the operated
embryos appeared to regenerate the explanted cardiac tis-
sue. Taken together these studies indicate that the heart
forming region in the stage 4–5 embryos does not extend
posterior to Hensen’s node, and the heart forming region in
the stage 7–8 embryos does not extend below the first
somite. These boundaries are consistent with the posterior
border of nkx-2.5 expression at both stages. In addition, the
cells posterior to nkx-2.5 expression domain in both the
stage 4–5 and the stage 7–8 embryos do not have the
potential to develop into cardiac myocytes in a minimal
culture system. Thus the medial, lateral, and posterior
boundaries of the heart forming region are coincident with
nkx-2.5 expression at primitive streak and headfold stages
of avian development.
Definition of the Heart Forming Region by
Restricted Patterns of Gene Expression
Fate-mapping and explantation experiments demonstrate
that the cardiac progenitors are located in the farthest
anterior lateral regions of primitive streak stage embryos
beyond many of the traditional descriptions of the heart
forming region. Characterization of the expression of genes
potentially involved in early cardiogenesis was initiated to
determine if early cardiac regulators are expressed in these
cells. nkx-2.5 and bmp-2 have recently been implicated in
the early events of cardiac lineage determination and these
genes are expressed in the visibly condensed heart primor-
dia at stages 7–8 (Figs. 5D and 5F) (Schultheiss et al., 1995,
1997). Prior to the formation of obvious cardiac structures
(stages 4–5), both nkx-2.5 and bmp-2 transcripts are de-
tected in the far anterior lateral cells immediately adjacent
to the extraembryonic tissue (Figs. 5A and 5C). The expres-
sion domains of bmp-2 and nkx-2.5 are not completely
coincident at these stages since the expression of bmp-2
extends more posteriorly in the lateral plate than that of
nkx-2.5. The lateral mesoderm posterior to the nkx-2.5
expression domain is not cardiogenic (Fig. 4) but is exposed
to bmp-2, which suggests that the lateral mesoderm is
differentially responsive to BMP-2 signaling in primitive
streak stage embryos. The early overlapping expression of
nkx-2.5 and bmp-2 in the far anterior lateral cells is consis-
tent with the cardiogenic region as defined by diI fate-
mapping and explantation studies and is lateral to conven-
tional definitions of the heart forming region (DeHaan,
1965).
The receptors that mediate BMP signaling in cardiogenic
mesoderm have not been identified. Based on the cells with
cardiac potential in the presence of concentrated sources of
BMPs, the predicted expression pattern for these receptors
would be in both anterior lateral heart forming regions and
in the anterior medial mesoderm (Schultheiss et al., 1997;
Andree et al., 1998). If cardiac potential is related to
receptor expression, no expression would be expected in
posterior lateral plate mesoderm, which is refractory to the
induction of nkx-2.5 expression in response to BMPs and is
not cardiogenic. A potential mediator of BMP signaling is
the Activin IIa receptor, which was initially described as
being expressed asymmetrically around Hensen’s node
(Levin et al., 1995; Stern et al., 1995). In the primitive streak
stage embryo, actR-IIa is expressed across the entire
medial–lateral axis of the anterior embryo at stage 5 (Fig.
5B). Examination of the far anterior lateral expression of
nkx-2.5 and actR-IIa in the stage 5 chicken embryo at
higher magnification shows that the medial–lateral restric-
tion of expression for each gene is different, which could
reflect their respective roles in heart development. Meso-
dermal nkx-2.5 expression is restricted to the anterior
lateral heart forming region (Figs. 6C and 6E). actR-IIa is
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expressed throughout the anterior mesoderm with the most
concentrated domain of expression in the far anterior lateral
cardiogenic mesoderm (Figs. 6B and 6D). The anterior
boundaries of actR-IIa and nkx-2.5 expression in the meso-
derm extend to the anterior limit of the mesodermal cell
layer (Watterson and Schoenwolf, 1984) (Fig. 6B, arrow).
However, the anterior domain of nkx-2.5 expression in the
endoderm and ectoderm extends beyond the limit of the
mesoderm (Schultheiss et al., 1995) (Fig. 6C, above arrow).
The posterior boundaries of actR-IIa and nkx-2.5 expression
domains appear to be coincident, which may reflect the
inability of BMPs to activate nkx-2.5 expression in the
posterior lateral plate mesoderm. The differences in the
medial–lateral restriction of nkx-2.5 and actR-IIa expres-
sion in the anterior lateral plate may reflect the selection
process by which only the most lateral mesodermal cells in
contact with BMP-2 are incorporated into the heart.
DISCUSSION
Fate-mapping and explantation experiments were used to
identify the prospective heart cells as the most lateral cells
of the anterior lateral plate mesoderm adjacent to the
extraembryonic tissue in the stage 5 chicken embryo. These
studies confirm the general lateral location of the prospec-
tive heart cells as defined by the earlier fate-mapping
studies (Rawles, 1943; DeHaan, 1963; Rosenquist and De-
Haan, 1966; Stalsberg and DeHaan, 1969). A combination of
embryological and molecular techniques was used to place
the lateral border of the heart forming region at the ex-
traembryonic tissue and the medial border at the lateral
edge of the mesoderm overlying the prospective neural
plate. These anatomical landmarks of the heart forming
region in preheadfold stage embryos are more lateral than
generally described based on previous fate-mapping and
molecular analyses (Rawles, 1943; DeHaan, 1963; Rosen-
quist and DeHaan, 1966; Stalsberg and DeHaan, 1969;
Schultheiss et al., 1995; Andree et al., 1998). The complete
removal of the far lateral heart forming region results in the
lack of all cardiac structures in cultured embryos. Even
partial removal of the heart forming region results in loss of
corresponding cardiac structures, indicating that additional
heart cells cannot be generated from within the heart
forming region. The inability of cells to be recruited into
the heart extends to embryos from which the cardiogenic
mesoderm has been removed but in which the lateral
endoderm is intact. This is in contrast to the ability of
chicken embryos to regenerate axial structures such as the
primitive streak and notochord (Psychoyos and Stern, 1996;
Yuan and Schoenwolf, 1998). Thus temporal and spatial
differences in regulative abilities exist among different
structures in the chick embryo which are likely to be
dependent on fundamental developmental differences in
the potency of inducing and responding tissues.
The posterior boundary of the heart forming region has
not been clearly defined previously by fate-mapping, ex-
plantation, or molecular techniques. In general, fate-
mapping studies have placed this boundary in the lateral
plate mesoderm posterior to the level of the condensing
first somite, which is posterior to the nkx-2.5 expression
domain (Rosenquist and DeHaan, 1966; Schultheiss and
Lassar, 1997). Comparison of the classic fate maps with the
posterior boundary of the nkx-2.5 expression domain in
stage 7–8 chicken embryos has led to the hypothesis that
heart forming cells are present posterior to the nkx-2.5
expressing region. The lateral plate mesoderm posterior to
nkx-2.5 expression was assessed for the ability to differen-
tiate into cardiac myocytes. These cells were found not to
have cardiomyogenic potential and removal of these cells
from stage 5–8 embryos does not result in loss of cardiac
structures. Thus the posterior boundary of the heart form-
ing region is at the level Hensen’s node at stage 5 and at the
level of the first condensing somite at stage 8, consistent
with the nkx-2.5 expression domain. The inability of the
lateral plate mesoderm posterior to the nkx-2.5 expression
domain to express contractile protein genes clearly demon-
strates that these cells are not of the cardiomyogenic
lineage.
Among the early regulators of the cardiac lineage are
FIG. 4. The posterior border of the heart forming region is consistent with nkx.2.5 expression in stage 5 and stage 8 embryos. The diagrams
depict the location of the lateral plate mesoendoderm removed (red and yellow boxes) in each experiment in relation to nkx-2.5 expression
(blue area, A and J) and to earlier cardiac fate maps (dotted lines, J) (Rosenquist and DeHaan, 1966). For stage 5 embryos, the lateral
mesoendoderm was removed either at the level of Hensen’s node (red box, A and B) or below Hensen’s node (yellow box, A and F). For stage
8 embryos, the lateral mesoendoderm was removed either anterior to the first somite (red box, J and K) or parallel to the condensing somites
(yellow box, J and O). Whole-mount in situ hybridization was performed for nkx-2.5 on embryos immediately following dissection (C, G,
L, P) or for vmhc1 on embryos cultured for 24 h (D, H, M, Q). Explants were cultured for 48 h in a minimal medium culture system and
immunohistochemistry was performed with an MF-20 antibody (E, I, N, R). The removal of the mesoendoderm including the posterior
domain of nkx-2.5 expression from the stage 5 (red box, B and C) and stage 8 (red box, K and L) chicken embryos resulted in a truncated
heart tube on the operated side of both embryos (red arrow, D and M), and the explanted tissues from each embryo formed a differentiated
beating heart tube in a minimal medium culture system as evident by MF-20 antibody staining (E, N). However, the removal of the
mesoendoderm immediately posterior to the nkx-2.5 expression domain from the stage 5 (yellow box, F and G) and the stage 8 chicken
embryo (yellow box, O and P) did not result in loss of cardiac structures in both embryos (yellow arrow, H and Q) and the explanted tissues
from each embryo did not beat or differentiate evident in the lack of MF-20 antibody staining (I, R).
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nkx-2.5 and bmp-2. The expression patterns of nkx-2.5 and
bmp-2 encompass the heart forming region defined by the
extraembryonic tissue, prospective neural plate, and Hens-
en’s node in preheadfold stage embryos. In the chick, BMP-2
and -4 have been shown to promote nkx-2.5 expression in
medial anterior cells (Schultheiss et al., 1997). bmp-2 is
expressed in the endoderm overlying the cardiogenic meso-
derm which expresses nkx-2.5. Colocalization of these
markers in the heart forming region has been observed as
soon as the cardiogenic mesoderm migrates to the anterior
lateral plate. It is possible that regulation does not occur in
the chick after the removal of the anterior lateral mesoen-
doderm tissue because the explant encompasses the bmp-2
expressing endoderm which may be the inductive signal
necessary for recruiting the neighboring medial cells to the
cardiomyogenic lineage. However, embryos in which the
lateral endoderm is left intact but the lateral mesoderm has
been removed also show loss of the corresponding heart
structures. Additionally bmp-4 and bmp-7 are present in
the ectoderm of the heart forming regions of operated
embryos (Schultheiss et al., 1997) but these factors are
insufficient to induce the medial mesoderm to form cardiac
structures in the absence of lateral mesoendoderm. Antago-
nists of BMP signaling such as Noggin or Chordin emanat-
ing from axial tissue may prevent the recruitment of medial
cells to cardiac lineages in vivo despite the ability of these
cells to undergo cardiomyogenic differentiation with added
BMPs in culture (Schultheiss et al., 1997). Thus multiple
positionally restricted positive and negative signals to-
gether define the heart forming region and these signals are
not respecified after removal of cardiogenic mesoderm to
regenerate heart tissue in the chicken embryo.
The receptors that mediate BMP signaling in the anterior
mesoderm during early cardiogenesis have not been re-
ported. Members of the vertebrate BMP family have been
shown to effectively signal through Activin type II recep-
tors. In Xenopus embryos, expression of a dominant nega-
tive Activin IIB receptor blocks both BMP and Activin
signaling pathways (Yamashita et al., 1995; Chang et al.,
1997; Chalaux et al., 1998). The Drosophila homologue of
the Activin type II receptor, punt, is required for dpp
signaling, supporting a role for vertebrate Activin type II
receptors in BMP signaling during development (Ruberte et
al., 1995). One of the first Activin type II receptors to be
expressed during chicken development is actR-IIa, which is
present asymmetrically around the node and in the lateral
regions of the primitive streak stage chick embryos (Levin
et al., 1995; Stern et al., 1995). In the present study, actR-IIa
was found to be expressed throughout the anterior meso-
derm of the embryo with the highest levels of expression in
the far anterior lateral prospective heart cells (Fig. 5B). This
pattern of expression encompasses the domain of nkx-2.5
expression in the anterior lateral mesoderm. nkx-2.5 ex-
pression in the endoderm and ectoderm extends beyond the
mesoderm and may be activated by a different molecular
mechanism independent of BMP-2 signaling through Act-
R-IIa. In support of this argument, flanking sequences of
Drosophila tinman have been shown to contain multiple
enhancer elements which are responsive to different mo-
lecular pathways in different tissues (Xu et al., 1998; Yin et
al., 1997). However, in the mesodermal cells that will
become the avian heart, actR-IIa is expressed at the appro-
priate time and place to be a candidate receptor involved in
the BMP-mediated activation of nkx-2.5.
The expression domain of actR-IIa appears to be coinci-
dent with regions of the anterior mesoderm with the
potential to activate nkx-2.5 gene expression in response to
added BMPs. The anterior medial tissue which has cardio-
genic potential in the presence of added BMPs also ex-
presses actR-IIa. However, the noncardiogenic posterior
lateral plate mesoderm which is in contact with bmp-2
expressing endoderm does not express actR-IIa. Restriction
of actR-IIa expression to anterior cardiogenic mesoderm
may be related to the inability of posterior lateral plate
mesoderm to activate cardiac markers in the presence of
BMPs. These observations are supported by the report that
the predominant type II serine-threonine kinase receptors
expressed in the anterior half of stage 4–5 chicken embryos
are ActR-IIA and ActR-IIB (Andree et al., 1998). The inabil-
ity of posterior lateral plate mesoderm to activate nkx-2.5
expression in response to BMP-2 could be the result of the
lack of expression of actR-IIa in the posterior lateral plate
mesoderm. These studies suggest a model whereby the
restriction of the heart forming mesoderm along the
anterior–posterior axis is due to the presence or absence of
ActR-IIa, while BMP-2 produced in the endoderm is respon-
FIG. 5. Whole-mount in situ hybridization of early avian embryos with bmp-2 (A, D), actR-IIa (B, E), and nkx-2.5 (C, F) digoxigenin labeled
RNA probes. At stage 5, prior to the formation of obvious cardiac structures, these molecular markers are expressed in the most lateral cells
of the anterior lateral plate defined as the cardiogenic region (A, B, C), and at stage 7 these molecular markers are expressed in the visibly
condensed heart primordia (D, E, F).
FIG. 6. Magnification and sections of the stage 5 chick embryos after whole-mount in situ hybridization with nkx-2.5 and actR-IIa probes.
Computer images of embryos depicted in Figs. 5B and 5C were enlarged to show actR-IIa (B) and nkx-2.5 (C) expression in the anterior
embryo. nkx-2.5 is expressed in all three cell layers (E) in the most lateral region of the anterior plate (C). actR-IIa is expressed throughout
the anterior mesoderm (D) with the highest level of expression in the most lateral region of the anterior plate (B). Note that the anterior
limit of the actR-IIa expression (B) is coincident with the anterior limit of the mesoderm shown schematically in A and indicated with an
arrow in both panels. The gray area in A depicts the mesodermal cell layer for the right half of the embryo as described by Watterson and
Schoenwolf (1984). hp, head process; hn, Hensen’s node; Ec, ectoderm; En, endoderm; Me, mesoderm.
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sible for restricting the heart forming mesoderm along the
medial–lateral axis (Fig. 7).
The definition of the region that will become the heart by
mesodermal nkx-2.5 gene expression is not common to all
vertebrate embryos. In zebrafish, nkx-2.5 gene expression
extends posterior to the cardiogenic region (Serbedzija et al.,
1998). The inability of avian embryos to compensate for
loss of the lateral heart forming region by regenerating
cardiac structures may be related to the expression patterns
of early cardiogenic markers such as nkx-2.5 and bmp-2.
While addition of concentrated exogenous BMP signals to
medial tissue results in activation of cardiogenic markers
(Schultheiss et al., 1997; Andree et al., 1998), this mecha-
nism is not in effect in normal embryos or embryos from
which the cardiogenic region has been removed. The ability
of anterior medial mesoderm which is fated to become head
mesenchyme to become cardiogenic in the presence of
exogenous BMP signals may be dependent on overcoming
the endogenous antagonists of BMP signaling present in the
medial anterior region of the embryo. The levels of BMP-2
present in the far anterior lateral endoderm of the embryo
do not appear to be sufficient to convert cells to the cardiac
lineage when in contact with medial mesoderm. Thus by
the late primitive streak stages of chick embryogenesis, the
far lateral heart forming region is restricted by complex
positive and negative regulatory mechanisms that are not
respecified to compensate for the loss of cardiogenic tissue
in vivo.
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